necessary. An extrapolation of these velocities leads to a conclusion that prototype ice floes can obtain kinetic energies of 10 6 23 J in certain conditions. 24 25
a study of the influence of the iceberg shape on its motion, finding large scatter in recorded motion depending 3 on shape. 4
It is reasonable to assume that an isolated floe that is small enough may also be subject to significant wave 5 forcing. Furthermore, while the flexural response of ice floes is a very important mechanical property as it is 6 their hydroelasticity in waves that pays a major role in the break-up of large floes into small ones, once floes 7 are much smaller than the dominant wavelengths, bending becomes negligible (e.g. Meylan and Squire 1994, 8 1996) . Here the main dampening response of the floe will be the generation of outgoing waves in the free 9 surface analogous to the kinematic response of a rigid body (Squire 2007) . This is the crux of our investigation; 10 what is the kinematic response of a floe whose length is much smaller than the dominant wavelength? Such 11 an isolated floe impact with an offshore structure is a very common of ice-structure interaction event (Timco, 12 2011). He reviews field measurements of a variety of drifting floe-structure impact events with flow sizes 13 ranging from km's to several meters in size. A simple linear regression of the data defined a remarkably sturdy 14 relationship between floe kinetic energy and impact force from very small to very large floes. 
Ice model and wave scaling 26 27
To accurately reproduce free surface effects in the laboratory geometric, kinematic and dynamic similarity 28 with the prototype must be preserved. Complete similitude requires that the Froude number (Fr = V 2 /gLc 29 where V is the fluid or body velocity and g is acceleration due to gravity) and Reynolds number (Re = VLc/v, 1 where v is the kinematic viscosity of the fluid) are the same in both model and prototype. However, concurrent 2 similitude of Fr and Re in a single model is not possible as the use of water results in an under scaling of 3 fluid viscosity. Fr similitude is normally chosen in free surface modelling of non-breaking waves, as gravity 4 is the dominant restoring force in both the model and prototype. The Fr relationships between model (m) and 5 prototype (p) are given as: 6 ,
.
(3) 9
The scale factor l was set at 1:100. The water depth d was 0.9 m and the T ranged between 0.5 and 1. 
Test conditions 16 17
In regular waves, the main variables that will dictate the kinematics of a floating body are λ and H. To 18 investigate the influence of λ and H on the ice model motion, tests were conducted for a range of λ/Lc and a 19 range of wave steepness's (H/λ). Re number will, however, affect the boundary layer characteristics of the 20 floe model, and so its dissimilitude between the model and prototype requires investigation. Where H/λ andnot influence the motion response the Response Amplitude Operator (RAO) should plot on the same curve 23 regardless of Fr scale factor. Therefore, three models of the exact same shape (square) but different sizes 24 were constructed, thereby creating identical test conditions at different Fr length scales. These included 25 (4) 3
To investigate the functional relationships that may exist between λ, H and the shape, size and roughness 4 r of the floe, a variety of models were constructed ( Table 1 and Triangle (Lc 30, b 5) respectively). r was investigated by preparing two models with 6 mm diameter and 10 6 mm deep holes drilled into the surface. The surface density of these holes was every 5 cm for the model 11
Square (Lc 30, b 5, r 5), and every 2.5 cm for Square (Lc 30, b 5, r 2.5). To investigate the variation of width 12 with b, a 20 cm long, 2.5 cm thick square was moulded centrally onto the surface of a 30 cm long, 2.5 cm 13 thick square (Underwater Ram). This was intended to simulate a floe with a larger under water width. This 14 model was inverted to represent a floe with a reduced under water width (Overhang). To investigate the 15 differences between an iceberg, which will have a draft often much larger than an ice floe due to its process 16 of formation from glacial calving, a 20 cm sided cube was constructed (Cube (Lc 20)). These floe models 17 were subjected to a range of λ from 40 to 290 cm (40 to 290 m in the prototype) and H from 1.8 to 16 cm (1.8 18 to 16 m in the prototype). The waves produced in the flume, therefore, varied from deep water (d > 1/2λ) to 19 intermediate water (1/20λ < d < 1/2λ). For the tests involving changing λ but constant wave steepness, in 20 order to avoid the floes rolling and brief losses of LED acquisition by the cameras (drop outs) due to splash 21 and momentary submergences at large steepness while still attempting to examine severe seas, steepness was 22 set at 0.044. The test conditions are given in Table 2 . 23 24 Before each test d was confirmed = 0.9 m, and the wave probes and cameras were checked and calibrated 2 if necessary. Regular waves were generated by selecting the desired f and H. The model was then placed 3 within the test section, at a point approximately level with the upstream cameras 6 and 7 (Figure 1 ). The 4 model was orientated as close to the centreline of the flume as possible and with the desired side parallel to 5 the incident waves. For the majority of runs this was Lc while in some runs for the triangular and rectangular 6 models Lc was orientated normal to the incident waves to investigate any affect this may have. The orientation 7 of the model could only be visually confirmed from comparison with the side wall and the motion capture 8 user interface's live-feed and as such a small tolerance was allowed. It was found that any offset in the 9 orientation of the model was nullified once the model reached quasi-steady state, and any that were not within 10 this tolerance would rotate fully to present a different side to the incident waves and, therefore, that data was 11 discarded. Care was taken to ensure that there was no residual current or significant motion in the flume by 12 visually monitoring the real-time position of the model via the camera system before each run. To ensure that 13 there was no spurious current forming within the flume during wave generation, a series of tests were carried 14 out to measure the current velocity in various wave conditions covering the range of H and λ values, including 15 the upper and lower limits given in Table 2 . Using a Nortek Vectrino Acoustic Doppler Velocimeter, 1. there was no spurious current developing during wave generation. 21
To ensure repeatability each run of a particular test condition was repeated three times, with the average 22 motion taken. Later, for logistical reasons this was reduced to two repeats per test to allow a wide range of 23 models and parameters to be examined, while still ensuring accurate production of test conditions and 24 recording of model motion. 25 26
Data processing 27 28
Once the data was recorded by the PhaseSpace server, the time-series data for each LED was visually 29 quality checked using PhaseSpace RECAP2 motion tacking software. Figure 3 shows an example of the ideal 1 data outcome which was one of a smooth time series of heave and surge motion with few spikes and drop-2 outs. Spikes are often due to reflections of the LEDs on the water surface that are picked up by the cameras, 3
where as drop-outs are complete momentary losses of one or more LED by the system (Figure 3) . The 4 spikiness of the data was analysed visually and with the method of Goring and Nikora, (2002) . Data that did 5 not pass this quality control i.e., contained too many spikes and / or too many LED drop outs was discarded 6 and the test repeated. Only once a satisfactory data set was obtained, such as that in Figure 3 , was the ice 7 motion analysed. 8
The motion of the floe model was averaged over 5 wave periods for each run, and the average of all runs 9 for each test condition was recorded. Only the Surge (X) and Heave (Y) motion and velocity are reported in 10 here as these are the most important rigid body motions concerning structure impacts. The time series motion 11 X and Y traces exhibit periodic cycles at the same frequency of the incident waves. Surge, which consists of 12 a steady drift component and an oscillating component is computed from five cycles once a quasi-steady state 13 has been reached (see Section 3.3). From the recorded displacement, velocity is also calculated. Heave is 14 recorded from the average of five cycles after a quasi-steady state in the heave motion is reached and velocity 15 is calculated from the recorded displacement. This is set at the same point defined for the surge, with general trend of an increase to a peak surge RAO at approximately λ/Lc = 7 followed by a decrease is different 7 to the observation in Lever et al. (1988a) . Significant sway and roll motions were observed over the range of 8 λ/Lc. In an attempt to repeat their results the cube was also subject to the precise λ and H used by Lever et al. 9 (1988a) . However, it appeared to follow a similar scattered distribution as seen with the previous test. The 10 tests on the cube were repeated several times and comparing with a second cube of the same size with 11 approximately consistent results, leading to the conclusion that the surge motion of the cube is inherently 12 complex. Therefore, with the good agreement between Lever et al. (1988a) is that scale factor does not affect the motion. 27
The effect of r is an important consideration for the extrapolation of smooth surface models to prototype 28 floes of highly variable surface roughness. Figure 6 At shorter λ as shown in Figure 9 (a-d) the floe interacts with two waves at once preventing it from heaving 2 as a fluid particle, while surge is characterised by a continued forward motion, or drift, that although varies 3 in velocity does not include a negative x component. This is discussed and quantified further in Section 3.4. 4
The basic motion of the floe models described above is as expected and analogous to glacial icebergs (e.g., 5 Lever et al. 1988a ) and most other free floating objects. regression is made of a segment of time series between 25 and 33 s (Figure 10d ). This gives a Vd = 7.1 cm s -26 1 . In this study the first approach is used with a small modification. The trough to trough (analogous to peak 27 to peak) horizontal displacement and time difference for five motion cycles is taken and averaged. The five 28 waves are taken after a quasi-steady state has been reached, and the standard deviation of the five drift 29 velocities calculated from the cycles is used to confirm this. This method is in keeping with how the heave, 30 heave velocity and surge are also calculated. This method gives a Vd = 6.82 cm s -1 +/-2 mm s -1
. At shorter λ 1 it becomes harder to visually identify the 'peak' of each cycle leading to the best fit method being used to 2 confirm the accuracy above method. The floe drift data collected was compared with Vd as calculated using Stokes theory. Before the drift 9 velocity data are discussed, however, some limitations to the validity of this comparison must be addressed. 10
The appropriate comparison of Stokes with the data depends on confirmation of the wave conditions being 11
linear. There are two particular nonlinear phenomena that must be quantified; nonlinearity in the waves and 12 overtopping of the waves onto the floes (green water). To determine nonlinear behaviour in the waves, the H 13 time series record from the wave probes was deconstructed into its component frequencies by way of a efforts, the motion of the floes is not entirely linear; there is always some roll and sway, both of which will 21 have an effect on Vd/c. Roll is caused by the floe being orientated slightly non-parallel to the incident waves. 22
To quantify these modes of motion, the average roll angle and sway displacement across each of the 5 wave 23 cycles from which the average of Vd/c is calculated (as described above), is given in Table 3 . The values are 24 very small suggesting that Vd/c calculated from these runs is relatively unaffected by these modes. 25 
12
As at λ/Lc > 5 the relative velocity VX /VP and VY /VP has reached an asymptote (Figure 15 ), the maximum 13 absolute velocity occurs at the longest wavelength λ = 290 cm as this is associated with the largest H tested 14 (H = 14.8 cm). Velocity and acceleration is then determined from the average of five motion cycles after the 15 floe has achieved quasi-steady state (as in Figure 14) . These results are presented in Table 4 which also shows 16 the extrapolated velocity and acceleration maximums that would occur in the prototype (according to Froude 17 scaling laws at a 1:100 scale ratio), and the approximate maximum kinetic energies the floe may obtain. Lever et al (1998a). The trend is a quadratic function. While the trend is the same for both models, it appears 21 reached at the same λ = 100 cm for both models, indicating the value and λ where asymptote is achieved is 23 independent of Lc, which only affects the magnitude of the response before asymptote is reached (Figure  24 17a). 25 will follow elliptical orbits meaning the surge RAO ought to gradually increase beyond 1 with increasing λ 10 ( Masson and LeBlond, 1989) . When plotted as a function of λ alone, the point and value of the surge 11 asymptote (λ/Lc ≈ 5 to 6, and X/H ≈ 1 respectively), like for heave, is apparently not influenced by Lc 12 (Figure17b). This region of λ/Lc = 5 to 6 also differentiates the surge motion characterised by the oscillating 13 surge component (λ/Lc > 6) and the period-averaged drift (λ/Lc < 5). The data implies that shorter λ tend to 14 produce greater relative surge motions, though the absolute surge motions at smaller λ are relatively small 15 compared to those at higher λ for both models. The location of the peak surge is at λ = 2Lc = 0.6 m for both 16 models, is also observed for various other models (as discussed later). Possible explanations include: 1), 17 inherent non-linearity in the wave generation process at λ/Lc ≤ 2; very short λ may be more susceptible to 18 friction and viscous losses in the flume, and 2), the effect of opposing directional forces from separate waves 19 being applied along the floe's length at λ/Lc ≤ 2. However, neither suggestion adequately explains the 20 behaviour of square (Lc 20, b 5) which reaches a peak at λ/Lc = 3. The cause, therefore, remains unclear from 21 the current data. 22
The surge response shows a linear and approximately monotonic increase with H (Figure 16d Figure 19 shows the surge RAOs for the same models as presented in Figure 18(a-b) . Figure 19 
Conclusion 10 11
This study differentiates itself from previous studies of floe kinematics in the MIZ by concentrating on 12 small, isolated floes of varying thicknesses and shape. The floes were subject to regular waves of varying H 13 and λ in order to elucidate the kinematic response and identify floe and wave parametric relationships that 14 dictate the response in severe sea conditions. Specifically this included; the heave and surge motion and the 15 influence of floe and wave variables on those motions; the existence and conditions of particle-like motion; 16 the drift velocity, maximum velocity and accelerations achieved for particular floe and wave variables. 17
To achieve this, a series of scale model tests were carried out. Firstly, a validation of the Froude scaling 18 criteria used was performed using three square shaped models of different sizes. No dependence on scale 19 factor in heave and surge motions were observed. Tests of floe surface roughness showed no clear dependence 20 on motion either. Therefore the scaled flume data may with caution be extrapolated to the equivalent 21 prototype using Froude scaling criteria. 22
Vd was found to increase from rest to a quasi-steady state relatively quickly with wave steepness in an 23 approximate quadratic fashion similar to Stokes drift. Vd is greater than the theoretical Stokes drift for the 24 larger models, with the smaller models drift predicted reasonably well by Stokes. These observations are at 25 odds with current theoretical predictions that suggest drift is lower than Stokes. Vd appeared marginally 26 sensitive to variations in model length, implying sensitivity to model surface area. The most variability was 27 observed in thickness and width-variable thickness, and the relationship between wave steepness and floe 28 length as a function of b is quite complex. As a function of λ, Vd was found to decrease to an asymptote by 29 that varied with b showed in some cases a large scatter in both heave and surge resonances. This is likely due 19 to the nonlinear restoring forces experienced by these floe models during the heave and surge motion cycles. 20
Variations in floe shape appear to influence the model motion mostly at λ/Lc < 8, after which all models 21 tended to the same asymptote, (≈ 0.9H for heave and ≈ 1H for surge). In comparison to the cubic model, the 22 heave response was greatly suppressed for all floes. There was some sensitivity in response with alignment 23 with respect to the incident waves, but the greatest variation was observed for floes that are not straight sided, 24 namely the triangle, and floes with varying widths, particularly the underwater ram. These floes showed 25 heave resonance responses, likely due to nonlinearity in the heave restoring forces along their more irregular 26 wetted surfaces. 27
Comparisons of these results with the reasonably well understood case of isolated iceberg kinematics show 28 floe motion to have distinct differences. This is due to the unique shape characteristics of sea ice floes. 
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[10] Harms, W., (1987 Table 3 . The mean roll angle in degrees and sway in meter over the range of wave steepness for the floes plotted in Figure 11 . Table -3 
